Background In order to distinguish a more pronounced and sustained hypotensive effect of non-penetrating glaucoma surgery, a modified surgical procedure is proposed, which provides enlargement of the filtration membrane area with maximal maintenance of natural aqueous outflow pathways. Methods In 21 eyes of 17 patients with open-angle glaucoma (intraocular pressure: 32.4±4.7 mmHg; age: 69.2±4.4 years) the following non-penetrating surgery was performed. After the excision of the outer wall of Schlemm's canal, outer layers of the trabecular meshwork were removed with a trabecular spatula (Geuder AG, G-16240) at the site of the open area of Schlemm's canal. A cannula-harpoon (Geuder AG, G-S02199) was introduced through both Schlemm's canal ostia, between the less permeable and well-permeable trabecular layers and separating them. Due to the harpoon configuration of the cannula, the superficial less permeable trabecular layers were removed within Schlemm's canal adjacent to its ostia during the retracting movement of the cannula. Thus, the filtration zone became extended using the outflow pathways into Schlemm's canal. Results A postoperative intraocular pressure of 13.4± 2.3 mmHg after 2 years of follow-up was measured. In all 21 eyes the hypotensive effect was absolute (without medications). In seven cases (33%) a hyphema had occurred during surgery, which dissolved in all cases within 2-3 days postoperatively.
Introduction
Trabeculectomy is nowadays a routine procedure whenever incisional glaucoma surgery is indicated. It represents the gold standard with which all other procedures are compared [18, 24] . Trabeculectomy is associated with complications, even if a stable IOP decrease and visual field maintenance can be achieved [1] . Complications include persistent hypotony, maculopathy, hyphema, increased cataract formation, bleb failure and late endophthalmitis.
Attempts to make the procedure safer have been made by employing different means to recreate the natural outflow path, instead of fashioning a fistula with its inherent problems of too much or too little outflow. Trabeculotomy has been advocated with various success Authors have full control of all primary data, and agree to allow Graefe's Archive for Clinical and Experimental Ophthalmology to review their data upon request.
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rates for that purpose [25] . Non-penetrating glaucoma surgery (NPGS) was introduced more than 20 years ago [7, 10, 26, 27] , increasing in popularity over recent years. A relatively low rate of intraoperative as well as of postoperative complications represents the main advantage of this type of glaucoma surgery. NPGS has been proved to be a safer technique than other available types of glaucoma surgery including trabeculectomy [2, 14, 15, 20, 21] . The sparing character of this surgical procedure allows for the quick recovery of eye functions as well as for the establishing of more natural persistent postoperative aqueous outflow without marked filtering bleb, even after years [2] .
The present work aimed to develop a modified NPGS technique named non-penetrating intracanalicular partial trabeculectomy via the ostia of Schlemm's canal (NPIT), which keeps the advantages of NPGS and overcomes its two main disadvantages, which are inadequate hypotensive effect [5, 12] and the relative complexity of the surgical technique compared to trabeculectomy [20] . The results of NPIT were observed in a pilot study with long-term postoperative follow-up. Two surgical instruments were developed in order to standardize the surgical technique and to help a surgeon to avoid prevailing intraoperative failures. Goldmann applanation tonometry was used for IOP measurements. Tonometry data were corrected using pachymetry data and the Dresden correction table [9] . The IOPs of all the glaucoma patients were measured repeatedly before the decision for surgery. These served for the decision-making for the surgical treatment. Mean preoperative IOP value was used as baseline value. The following criteria had to be met for the glaucoma surgery: baseline IOP >22 mmHg with optimized medical therapy, and decrease in visual field parameters in the previous year.
Patients and methods

In
The study was designed as a prospective pilot study to reveal the hypotensive effect of the non-penetrating intracanalicular partial trabeculectomy via the ostia of Schlemm's canal, developed and performed by the authors [3] . In all patients, postoperative IOP was measured 1 day after surgery, 1 month, 1 year and 2 years after surgery. Thirteen of 17 patients in the NPIT group were controlled more frequently: once every 3 months in the first year after the first month following the surgery, and once every 6 months a year thereafter. These additional examinations were not included in the prospective schedule. All 21 eyes of 17 subjects were evaluated during the follow-up.
Informed consent was obtained from all the subjects. The study followed the guidelines for clinical investigations required by the Ethics Committee of Medical Faculty at Munich University of Technology. All procedures adhered to the tenets of the Declaration of Helsinki.
Detailed surgical technique
The less permeable layers of the trabecular meshwork: the inner wall of SC, the juxtacanalicular and the corneoscleral trabecular meshwork (Fig. 1) are removed at the site of the open area of SC with an atraumatic trabecular spatula developed by the authors.
Through both ostia of SC, the cannula-harpoon developed by the authors (Geuder AG, Heidelberg, Germany, G-S02199) is introduced between the less permeable layers of the trabecula meshwork (presumably corneoscleral and juxtacanalicular meshwork and the inner wall of SC) and the well-permeable uveal trabecular layer. The layers are separated with this maneuver. The superficial less permeable trabecular layers are removed via SC through its ostia during the retraction of the cannula. Thus, the post-operative filtration zone becomes extended using the natural outflow pathways as SC, providing sufficient postoperative aqueous outflow. Neither penetration into the anterior chamber (as in trabeculectomy) nor exposing a substantial part of Descemet's membrane (as in the classic nonpenetrating deep sclerectomy) is performed (Fig. 1) . After the extended filtration membrane is thus created a collagen drainage device (STAAR Surgical Company, Monrovia, CA, USA) is implanted at the site of filtration. Fig. 1 Anatomical scheme of the classic NPGS procedure. The permeability of the trabecular meshwork decreases towards Schlemm's canal. Less impermeable layers of the trabecular meshwork (area bounded with the red line) need to be removed during the surgery. The remaining filtration membrane consists of the more permeable part of the TM. Additionally, the filtration membrane is extended towards Descemet's membrane. SC -Schlemm's canal; J -juxtacanalicular, C -corneoscleral, U -uveoscleral layers of the trabecular meshwork. A continuous red line adjacent to SC represents the inner wall of SC The initial part of the surgery follows the classic technique of non-penetrating deep sclerectomy (NPDS) described by Kozlov [10] , which is modified and standardized as follows.
A fornix-based conjunctival flap is prepared from limbus. A superficial scleral flap∼4×4 mm is separated deeply into the corneal stroma, approximately 1.5 mm in corneal tissue. Its thickness reaches about 1/3 of the sclera, which is approximately 270-300 μm (Fig. 2) . The flap is elevated parallel to the surfaces of the sclera and the cornea.
For easier handling during the following separation of the deep flap in the region of Schlemm's canal and Descemet's membrane, as well as for the final excision of the flap, the flap is designed as a pentagon with two parallel sides. The deep flap is fashioned with a thickness of 2/3 of the sclera (Fig. 3) so that during separation of the flap towards the cornea the lumen of Schlemm's canal is entered automatically.
The deep scleral flap is separated in deep sclera very close to the ciliary body, which can be observed by a change in scleral color. In order to provide a correct orientation in the scleral layers, the sclera is perforated at the apex of the deep scleral flap up to the ciliary body. This orientational local sclerotomy in one place is small, and does not represent a cyclodialysis because there is no contact of the instrument to the ciliary body.
Next, preparation is performed moving away from the apex "flying at zero altitude" with only a thin semitransparent scleral layers left under the knife (Fig. 4) . Thereby, an opening to Schlemm's canal is created. Figure 4 shows the preparation field in NPIT. In the classic NPGS, a relatively large part of Descemet's membrane is exposed to filtration additionally. If the lumen of Schlemm's canal has been entered at once and the deep flap has been separated well into the cornea, the trabecular tissue becomes visible and a thin film on the surface of the inner wall of Schlemm's canal can be easily removed with a microsponge. This film represents the less permeable trabecular layers (corneoscleral TM, juxtacanalicular TM and the inner wall of SC), while the more permeable layer (uveal TM) remains intact ( Fig. 1) . In other versions of NPDS, this stage is usually performed with a forceps only. When grasping the superficial film, perforation is not unusual.
In the NPIT technique, the superficial less permeable trabecular layers are separated with an atraumatic trabecular spatula (Fig. 5 ) in order to prevent microperforation of the uveal trabecular layer and Descemet's membrane. This spatula is inserted along the tangent to the surface of Descemet's membrane between the trabecular layers. Then, the superficial layers are separated from the less permeable layers with a motion from below upwards (Fig. 5 , right panel). Finally, the dissected layers are removed with a forceps. Any acute contact of the instrumentation to the remaining trabecular layer and Descemet's membrane is avoided. The deep scleral layer is then excised.
In classic NPDS, the formation of the filtration membrane is usually finished at this step. In the NPIT technique, an additional stage is added before the insertion of the collagen implant in order to improve the postoperative case of filtration. At this stage of the surgery, a cannula-harpoon is introduced alternately through both ostia of Schlemm's canal, between the less permeable (corneoscleral TM, juxtacanalicular TM and the inner wall of SC) trabecular layers above and the well-permeable (uveal TM) trabecular layer below (Figs. 6, 7 ) to a depth of 3.5-4 mm
The cannula-harpoon represents a modification of the classical cannula for the viscocanalostomy procedure which provides the delivery of viscoelastic through the SC ostia (Fig. 6, top panel) . There is a hook attached on the tip of the cannula, which looks like a crochet hook. The narrow end of the hook provides its easy insertion between trabecular layers and its movement inside Schlemm's canal through SC ostium away from the scleral lake, whereas the distant part of the hook allows its backwards manoeuvre with the dissection (a kind of husking) of less permeable (Fig. 7) .
It is not difficult to distinguish different TM layers on the visible ostia. The fragments of already removed superficial layers of the TM in the site of the scleral flap are clearly seen at each ostium. In the beginning, the cannula is sliding within the opening on the surface of the already prepared more permeable trabecula, aiming its peak towards an ostium under these fragments (Fig. 7a) .
Thereby, the cannula-harpoon exits SC through its ostium, remaining on the surface of the more permeable trabecular layer and separating it from cuts of less permeable layers (Fig. 7) . Viscoelastic is injected through the cannula-harpoon during its introduction through the SC ostium between trabecular layers in the present procedure. In this way, a permeable trabecular layer is separated from other less permeable layers within Schlemm's canal. Once inside SC, the cannula-harpoon is moved up and then backwards. Due to its harpoon orientation, the superficial less penetrated trabecular layers within SC are removed (Fig. 7) , which is not the case in viscocanalostomy. Thus, the postoperative filtration zone becomes extended into Schlemm's canal through its ostia.
As the extended filtration membrane is created, the last step of the surgery is performed in the classical way. An absorbable collagen implant (STAAR Surgical Company, Monrovia, CA, USA) is inserted into the scleral lake in order to create a postoperative intrascleral space, preventing its scarring. Neither Mitomycin C nor other chemical agents are needed additionally. The scleral lake is closed with the superficial scleral flap. The latter is sutured in its two distal corners. Then, the conjunctival incision is closed with two separate sutures at the limbus and an additional paralimbal suture.
Data evaluation and statistical methods
A table with corresponding macros in MS Excel 2000 was created for data analysis. The normal distribution of measurement data was proved with Kolmogoroff-Smirnoff test. The parametric Student's test for two dependent samples (glaucoma patients before and after the treatment) and Bonferroni post-hoc test for multiple comparisons (glaucoma patients before, 1 month and 2 years after the treatment) were used in order to assess statistical differences of the evaluated characteristics. Since in some patients (four Fig. 3 Dissection of the scleral flap of 1/3 of scleral thickness (270-300 μm) 1 mm through the limbus towards the cornea. TM -trabecular meshwork Fig. 4 Excision of a deep pentagonal scleral flap including the outer wall of Schlemm's canal in NPIT. TM -trabecular meshwork patients) the surgery was performed in two eyes, single-eye IOP observations for each subject were averaged and then analyses for one-eye designs were performed on the averages [19] . Because of the small number of subjects, all the tests were applied on the level of significance of P=0.05 for each evaluated parameter. Statistical evaluation was performed with MS Excel 2000 for Windows and SPSS 11.0.
Results
As a result of the surgery, the filtration zone is extended, improving the natural outflow pathways towards SC without the disturbing principles of non-penetrating surgery.
Short-term postoperative IOP 1 month after the surgery amounted to 12.8±3.2 mmHg (range 8.0-16.0 mmHg), and was significantly lower than the preoperative IOP (P<0.001; t-test with Bonferroni correction, Fig. 8) . In all the patients, gonioscopy 1 month after the surgery does not show any macrodisruptions of the TM anywhere in the operative zone of the Schlemm's canal. Compared to the intact part of SC, trabecular meshwork in this zone was usually less pigmented.
Postoperative IOP of 13.4 ±2.3 mmHg (range 9.0-18.0 mmHg) at 2 years of follow-up was measured in the evaluated group of glaucoma patients (Fig. 8) . IOP reduction of 18.0±7.0 mmHg (range 9.0-31.0 mmHg) due to the surgery was significant (P<0.001; t-test with Bonferroni correction). In all 21 eyes, the hypotensive effect was absolute (without medications).
In seven cases (33%), a hyphema appeared during the surgery, which dissolved uneventfullly in all the cases at 2-3 days postoperatively. No other of the complications which are usual for penetrating glaucoma surgery, such as hypotony, choroidal detachment, formation of the cystic filtering bleb, shallow anterior chamber, inflammation in the anterior chamber, etc., were observed.
Discussion
The reported results demonstrate a pronounced and sustained effect of the modified non-penetrating glaucoma surgery (NPIT), and show that this surgery can be successfully applied in patients with open-angle glaucoma as a valuable drugsparing alternative to medical therapy and other types of glaucoma surgery including laser surgery.
For the reported 2-year follow-up period, a sufficient hypotensive effect was maintained in all eyes without any medications. Additionally, the usual postoperative "finetuning" of the IOP in NPDS using YAG-laser goniopuncture at the site of the dissected filtering membrane [17] has not been necessary in any of the eyes that underwent NPIT. However, the authors cannot exclude the possibility that it might be necessary occasionally.
In order to show the advantage of the new modification of non-penetrating glaucoma surgery, 2-year follow-up results of NPIT and our previously reported follow-up results of the classic non-penetrating deep sclerectomy in [4] were compared. The technique of NPIT is made efficient by using the cannula-harpoon instrument. Since both surgeries were performed by one surgeon (AD), surgical skills did not play a role in the comparison.
One month and 1 year after the surgery, the difference in IOP between the two techniques was highly significant: 13.4±2.3 mmHg after NPIT vs 16.6±4.4 mmHg after classic NPDS (P<0.01) (Fig. 9, upper panel) . The scatterplot diagram of pre-and postoperative IOP showed a better outcome of NPIT surgery technique as well (Fig. 9, bottom  panel) . A hypotensive effect of the modified nonpenetrating surgery technique is well-comparable to that of trabeculectomy after 2 years of follow-up, while the hypotensive effect of the classic NPDS technique is rather insufficient and less pronounced compared to trabeculectomy.
The removal of less permeable layers of the trabecular meshwork represents the necessary condition for the NPDS surgery, since these layers cause the main resistance to the aqueous outflow from the anterior chamber into Schlemm's canal [6, 13] . The extension of the filtration membrane into SC through its ostia in the proposed NPIT technique amounts to approximately 175% of the initial membrane within the scleral lake: in NPIT, 3.5 mm left and right into SC are added to approximally 4 mm of the membrane inside of the scleral lake:
Considering the filtration rate of the dissected Descemet's membrane to be less than the filtration rate of the dissected Due to its harpoon orientation, two superficial less penetrated trabecular layers within the ostia are removed (e). Aqueous filtration trough the extended area of the permeable membrane is provided into the scleral lake (f). SCSchlemm's canal; J -juxtacanalicular, C -corneoscleral, Uuveoscleral layers of the trabecular meshwork trabecula inside of the scleral lake [10] , one would need to involve a relatively large part of Descemet's membrane in the classic NPGS, going to more than two Schlemm's canal widths central to the cornea from the scleral lake, in order to gain similar filtration rates. The authors assume that the postoperative outflow inside of SC occurs both into collector channels and through the SC ostia into the scleral lake. Even if the scleral lake is scarred postoperatively, the outflow through the extended filtration membrane inside of SC into collector channels would remain, thus providing a major part of the aqueous outflow.
The filtering bleb after NPIT is diffuse and flat shortterm postoperatively. It almost disappears in most cases long-term postoperatively. Formation of a filtering bleb is not the aim of the surgeon in NPIT any more, hence we did not see any postoperative cystic blebs in the present study. After NPIT, a major part of aqueous flows out not through the intrascleral lake over the superficial scleral flap under the conjunctiva, but through the natural outflow pathways including SC and collector channels into the intrascleral venous system. We assume that a flat, almost invisible postoperative flap represents a sign of successful postoperative filtration through the natural outflow pathways. However, we cannot exclude a certain incidence of postoperative cystic blebs after NPIT as a usual complication of filtration glaucoma surgery. After a classic NPDS, this incidence is reported by Mermoud as 15% [16] and is apparently lower after NPIT. Hence, more cases of NPIT need to be reported in order to reveal it.
No cytostatic drugs such as mitomycin C or 5 fluorouracil were used intra-and postoperatively in order to prevent postoperative scarring. For this purpose, we chose the STAAR sponge as a part of the procedure. Comparing our results with classical NPDS technique, with the same sponge used to prevent scarring [4] , we did not observe any microcysts or cystic blebs 1 and 2 years postoperatively in either technique. In both procedures, the scleral flap was not tightly closed.
An attempt to increase the postoperative aqueous filtration through the ostia of Schlemm's canal was first made by viscocanalostomy as described by Stegmann [23] , and later on in his modern glaucoma surgery named canaloplasty [11, 22] . In the opinion of the authors, not enough attention is paid to the dissection of the filtering membrane in viscocanalostomy, both within the scleral lake and in the parts of SC adjacent to its ostia. In viscocanalostomy, Schlemm's canal is opened and dilated using viscoelastic injected into its ostia, with the goal of increasing the permeability of the trabecula inside SC. According to Johnson and Johnson [8] , the dilation of SC with viscoelastic substance most probably causes a microrupturing of the canal, and converts the procedure into a microtrabeculotomy in SC adjacent to the ostia. In NPIT, we cannot exclude the presence of microperforations of SC in the operative zone. However, NPIT can provide the outflow thorough the large part of TM outside the scleral lake, even if those microdisruptions do not occur.
The procedure of canaloplasty causes a mechanical stretching of the whole trabecular tissue along the canal. This might lead to an unnatural remodelling of this tissue, with possible scarring of the whole trabecular tissue and diminishing success of any re-operation. In the proposed NPIT, only approximately 29% of SC is involved. This might allow for a possible re-operation in the future in the remaining part of the canal.
Here, the length of the postoperative filtration membrane in NPIT as estimated above is divided by the whole SC length, calculated with a limbus diameter of 12 mm. Only one type of intra-and postoperative complication was observed in NPIT, namely hyphema. This might be due to the unavoidable damage of the outer SC wall during backwards cannula-harpoon motion. Another explanation of this finding could be the changed pressure relationship in the operated eye with some blood from collector channels (pressure ∼8-10 mmHg) entering SC after its opening and further progression into the scleral lake (pressure ∼0 mmHg, Fig. 7f ). Already at the stage of removal of less permeable trabecular layers inside the scleral lake, intraoperative hypotony might occur. After the removal of less permeable trabecular layers inside SC through its ostia, the pressure inside SC can be higher than the decreased IOP. Hence, blood from collector channels might penetrate through the residual more permeable trabecular layers inside SC into the anterior chamber, causing hyphema. This may occur at the initial postoperative time, as a steady-state pressure distribution has not yet been established. In the classic NPDS version, all trabecular layers inside SC are intact, and blood from collector channels flows directly intraoperatively to the scleral lake with a pressure of ∼0 mmHg, which is less than the IOP. Therefore blood remains in the scleral lake intraoperatively. Consequently, hyphema does not normally represent a postoperative complication after classic NPDS.
Lately, a tendency has been observed that most eye surgeries are performed on an outpatient basis. This demands high-quality surgery technique, minimal operative trauma, as well as reduction of intra-and postoperative complications. The conversion towards outpatient operations has already happened in cataract surgery, and is now observed in vitreo-retinal surgery. Moreover, outpatient surgery is already a standard for trabeculectomy in many places. In the opinion of the authors, refined surgical technique without any perforation of the filtering membrane makes it possible to perform NPIT as an outpatient procedure.
Some limitations to the study need to be mentioned. The relatively small number of patients included in the study does not allow for generalized conclusions for a large population. Moreover, a multicenter approach and additional inclusion of two control groups, including glaucoma patients undergoing classic trabeculectomy and glaucoma patients undergoing classic NPDS, would permit better conclusions concerning the safety and long-term effects of the surgery.
Doubtless the present modification of NPGS needs to be evaluated in larger groups of patients and in further followups of 3, 5 and 10 years to control the persistence of the hypotensive effect of the surgery.
Conclusions
The reported results demonstrate a pronounced and sustained effect of the NPIT glaucoma surgery, and show that this surgery can be successfully applied in patients with therapyresistant open-angle glaucoma as a valuable drug-sparing and almost complication-free alternative to medical therapy and other types of glaucoma surgery including laser surgery.
The NPIT technique possesses the advantages of both trabeculectomy (well-established hypotensive effect during the follow-up) and classic NPDS by Kozlov (low rates of intra-and postoperative complications) without the main disadvantages of both techniques.
The refined surgical technique of NPIT without any perforation of the filtering membrane makes it possible to perform this surgery as an outpatient procedure.
Two new instruments were introduced for the proposed NPIT. The use of the atraumatic spatula assures wellcontrolled removal of less permeable layers of the trabecula in the surgical zone, providing sufficient postoperative aqueous outflow and a persistent hypotensive effect after 2 years of follow-up in the present study, and improves the learning curve of NPDS. The introduction of the cannulaharpoon makes it possible to extend the filtration membrane and to improve the hypotensive effect of NPDS, making the hypotensive effect of NPIT persistent, sufficient and almost complication-free during at least 2 years of follow-up.
